Notch signaling pathway and its downstream effector Hes-1 are well known for their role in cortical neurogenesis. Despite the canonical activation of Hes-1 in developing neocortex, recent advances have laid considerable emphasis on Notch/CBF1-independent Hes-1 (NIHes-1) expression with poor understanding of its existence and functional significance. Here, using reporter systems and in utero electroporation, we could qualitatively unravel the existence of NIHes-1 expressing neural stem cells from the cohort of dependent progenitors throughout the mouse neocortical development. Though Hes-1 expression is maintained in neural progenitor territory at all times, a simple shift from Notch-independent to -dependent state makes it pleiotropic as the former maintains the neural stem cells in a non-dividing/slow-dividing state, whereas the latter is very much required for maintenance and proliferation of radial glial cells. Therefore, our results provide an additional complexity in neural progenitor heterogeneity regarding differential Hes-1 expression in the germinal zone during neo-cortical development.
Introduction
The size and complexity of the neocortex relies on the balance between cellular identity and precisely regulated series of proliferative and neurogenic/gliogenic divisions to generate six cortical layers in a spatiotemporal manner (Bertrand et al. 2002; Guillemot 2007a Guillemot , 2007b . However, the generation of multipotent neural progenitors with distinct molecular profile in germinal centers and their fate specification is well regulated by multiple cues (Bertrand et al. 2002; Guillemot et al. 2006; Guillemot 2007a Guillemot , 2007b . Among them the classical Notch target gene, Hes-1 in particular, attains prime significance because of its well-tuned oscillatory expression and antineurogenic activity for the maintenance and proliferation of neural stem cells/progenitors thereby conferring controlled competence for differentiation (Kageyama et al. 2007; Shimojo et al. 2008; Dhanesh et al. 2016) . Indispensable role of Hes-1 in regulating unidirectional prevailing path of neuronal differentiation is well evidenced by precocious neuronal differentiation and hypoplasia of brain in Hes-1 null mice (Ishibashi et al. 1995) . Even though other Hes genes (Hes-3/5) can compensate for Hes-1 expression in Hes-1 null mice, being a potent repressor of pro-neural genes and cell-cycle regulators, Hes-1 acts as a key regulator of neurogenesis (Kageyama et al. 2007 ). Additionally, prolonged undifferentiated state of neural progenitors in misexpression studies in developing neocortex clearly unraveled the key role played by Hes-1 (Ohtsuka et al. 2001) . Apart from its role in maintenance and proliferation of progenitors (Ohtsuka et al. 2001) , it has been well documented that Hes-1 is crucial for boundary formation (Hirata et al. 2001; Baek et al. 2006) , astroglial differentiation (Furukawa et al. 2000) , and even in neuronal differentiation (Castella et al. 2000; Lin and Lee 2012) .
In neural progenitors, Hes-1 expression is primarily activated by Notch signaling pathway transduced through cell-cell interaction (Ohtsuka et al. 1999) . The highly conserved mammalian Notch proteins are transmembrane receptors (Notch1-4), which interact with their ligands (Delta1-3/Jagged1-2) expressed in the neighboring cells transducing the diverse roles in various developmental programs (Artavanis-Tsakonas et al. 1999; Gaiano and Fishell 2002; Kopan and Ilagan 2009) . Though this cell-cell interaction with specific ligand or receptor for its downstream transduction depends on its functional significance, the basic molecular mechanisms behind the signal transduction remain more or less the same (Jarriault et al. 1995; Pierfelice et al. 2011 ). This involves the proteolytic cleavage of Notch intracellular domain (NICD) which in turn interacts with RBP-Jk/CBF1 leading to the conversion of RBP-Jk/CBF1 complex from a transcriptional repressor to an activator complex which in turn induces Hes gene expression (Honjo 1996; Ohtsuka et al. 1999) . Even though Hes-1 is the immediate downstream effector of Notch signaling, recent advances have laid considerable emphasis on Hes-1 gene expression, which can be regulated by alternate signaling pathways independent of canonical Notch/ CBF1 interactions (Curry et al. 2006; Sanalkumar et al. 2010a Sanalkumar et al. , 2010b . Moreover, Hes-1 acts as a molecular convergent point for various signaling pathways and the cross-talks result in implementation of very specific functions in a context-dependent manner during the highly complex process of neurogenesis.
The context-dependent differential expression of Notch target gene Hes-1, which owns diverse upstream modulators, was reported in hematopoietic progenitors (Ikawa et al. 2006) , T-/Bcell precursors (Tanigaki et al. 2004) , human endothelial cells (Curry et al. 2006) , and cancer cells (Ingram et al. 2008) . Furthermore, Notch/CBF1-independent Hes-1 (NIHes-1) expression was also described in human neuroblastoma cells (Stockhausen et al. 2005 ) along with our previous report that clearly demonstrated FGF2-JNK-ATF2-Hes1 axis in embryonic stem (ES) cell-derived neural progenitors (Sanalkumaret al. 2010b ). However, the involvement of different regulatory cues such as FGF2 (Sato et al. 2010) , Shh (Dave et al. 2011) , VEGF (Hashimoto et al. 2006) , TGFβ (Chacon and Rodriguez-Tebar 2012) , and JNK (Sanalkumar et al. 2010b ) along with the functional significance has been reported in various systems in vitro and in vivo. This involves ES cell-derived neural progenitor proliferation, retinal cell proliferation and fate specification, dendritogenesis, and neuronal survival and protection (Salama-Cohen et al. 2005; Hashimoto et al. 2006; Wall et al. 2009; Sanalkumar et al. 2010b; Chacon and Rodriguez-Tebar 2012) . But in developing murine neocortex, NIHes-1 expression was reported during early neuro-epithelial development from ectoderm without the requirement of Notch pathway components (Hatakeyama et al. 2004) . Moreover, various recent reports stands in line with differential Hes-1 expression by multiple regulatory cues such as Shh (Dave et al. 2011) , FGF2 (Sato et al. 2010) , Lhx2 (Chou and O'Leary 2013) , and Robo2/Slit (Borrell et al. 2012) in germinal centers of developing neocortex with more emphasis on neural progenitor proliferation. Though differential Hes-1 expression by various regulatory cues was reported, the existence and significance of neural progenitors having differential Notch-independent Hes-1 in developing neocortex during mammalian central nervous system (CNS) development remains poorly understood. Currently, there are no reports explaining why Hes-1 expression is differentially activated and what it is required for. The mode of Hes-1 expression may need to be differentially altered in neural progenitors to bring out functional significance, which needs to be investigated. Here, we investigated the differential Hes-1 expression and its significance in mouse neocortical progenitors during development. The elusive task of characterization of NIHes-1 expressing cells from the cohort of Notch/CBF1-dependent Hes-1 (NDHes-1) expressing cells was accomplished in this study and our qualitative analysis demonstrated the cellular transition from NIHes-1-expressing to NDHes-1-expressing state. Based on this cellular transition and proliferation potential, we speculated that the neural stem cells are maintained by NIHes-1 expression in the ventricular zone (VZ) of neocortex throughout the neocortical development. But, once these cells transit into radial glial fate, Hes-1 expression acquires Notch dependency (NDHes-1), which is required for their maintenance and proliferation.
Materials and Methods

Cloning and Construction of Plasmids
Site-directed mutagenesis was performed with Stratagene's Quick Change Site-Directed Mutagenesis Kit to mutate all the three CBF1-binding sites (CBSs) in Hes-1 promoter to generate pmtCBF1-Hes1-d2EGFP from pHes1-d2EGFP (a kind gift from Dr Kageyama, Kyoto University, Japan) that was used as the template. pmtCBF1-Hes1-Luc was constructed by cloning mtCBF1-Hes1 promoter into pGL2-Basic vector (Promega). pHes1-EGFP and pmtCBF1-Hes1-EGFP were generated from pHes1-d2EGFP and pmtCBF1-Hes1-d2EGFP, respectively, by replacing d2EGFP with EGFP obtained from pEGFP-1 (Clontech) ( Supplementary Fig.  S1A-D) . Different deletion constructs (~1 kb and~200 bp) of both wild-type (pABC Hes1-Luc and dmWT Hes1-Luc) and mutated (pmABC Hes1-Luc and dmABC Hes1-Luc) luciferase constructs were made from pHes1-Luc (a kind gift from Dr Kageyama, Kyoto University, Japan) and pmtCBF1-Hes1-Luc plasmids, respectively, by restriction digestion and ligation into pGL2-Basic vector (Promega) (Supplementary Fig. S1E ,G). CBFRE-mCherry plasmid was constructed from pmRi-mCherry (Clontech) and pCBFRE-EGFP, which was made by replacing luciferase in 4× CBF1-Luc (a kind gift from Dr D. Hayward, Johns Hopkins University, Baltimore, USA) with EGFP from pEGFP-1 (Clontech). Tα1a-mCherry and GLAST-mCherry constructs were generated by replacing GFP in pTα1a-GFP-h and pGLAST-EGFP-F (a kind gift from Dr Tarik F. Haydar, Boston University), with mCherry. All the mCherry constructs (pCBFRE-mCherry, pGLAST-mCherry, pTα1a-mCherry, and pGFAP-mCherry) were ligated to pmtCBF1-Hes1-EGFP to make dual reporter constructs . The "spaghetti monster" fluorescent proteins (smFPs) with epitope tags (Myc or FLAG) (Viswanathan et al. 2015) , derived from either pCAG-smFP Myc or pCAG-smFP FLAG (kind gifts from Dr Loren Looger, Addgene #59757 and #59756, respectively), were used to construct pWT Hes1-smFP FLAG and pmtCBF1-Hes1-smFP FLAG ( Supplementary Fig. S2A ). pHes5-DsRed-Express-DR was constructed from pDsRedExpress-DR (Clontech) and pHes5-Luc (a kind gift from Dr Kageyama, Kyoto University, Japan). pCBFRE-smFP Myc was generated by replacing EGFP in pCBFRE-EGFP with smFP Myc from pCAG-smFP Myc. Both CBFRE-smFP Myc and Hes5-DsRedExpress-DR fragments were cloned into pmtCBF1-Hes1-smFP FLAG and pmtCBF1-Hes1-d2EGFP, respectively, to generate the dual reporter constructs ( Supplementary Fig. S3A,D) . pCBFREDsRed-Express-DR construct was generated by replacing EGFP in pCBFRE-EGFP with DsRed-Express-DR from pDsRed-Express-DR (Clontech) and was further cloned into pmtCBF1-Hes1-d2EGFP to make the dual construct ( Supplementary Fig. S3B ). Sequencing PCR was done according to ABI sequencing protocol with specific primers in an ABI 3010 automated sequencer (Applied Biosystems, Perkin Elmer) to confirm the orientation of directional cloning as well as to confirm the mutations.
In Utero Electroporation
All animal experiments were carried out according to the institutional animal ethics committee (IAEC) guidelines. In utero electroporation was carried out as described earlier (Saito and Nakatsuji 2001) . Briefly, timed pregnant Balb/C mice were anesthetized using Avertin (250 mg/kg) and were subjected to laparotomy. The uterus along with stage-specific embryos was gently pulled out of the abdominal cavity. A fiber optic light source was used to visualize the embryos through the uterus and various reporter constructs at a concentration of 1 μg/μL and 0.1% fast green was injected into the lateral ventricle of the brain through the uterus wall using pulled glass capillaries. Embryos were electroporated using a 3-mm Tweezer electrode with five 50-ms square pulses of 35 V with 999-ms intervals generated from a BTX ECM830 electroporator (Harvard Instruments). After electroporation, the uterus along with the embryos was placed inside the abdomen and the abdominal cavity was filled with normal saline followed by suturing of muscle wall and skin. The in utero electroporated animals were sacrificed at appropriate time interval/stage and the electroporated embryonic brains were fixed and processed for further experiments.
Primary Cortical Culture
Briefly, E14 embryos from Hes1-d2EGFP mice (a kind gift from Dr Kageyama, Kyoto University, Japan) were dissected out and the frontal cortex was separated with the help of a stereotaxic microscope as described earlier (Sanalkumar et al. 2010b) . Cortical tissues were minced gently in 1 × HBSS and incubated in dissociation solution containing 0.25% trypsin-EDTA and 4000 U/mL DNase for 10 min at 37°C to dissociate the cells. The dissociated cells were cultured in neurosphere proliferation medium containing DMEM/F12 + B27 supplement, 20 ng/mL FGF2, 10 ng/mL EGF, and 2 μg/mL Heparin and plated on uncoated tissue culture flask. Neurospheres formed after 2-3 days were used for further experiments.
Dual Luciferase Assay
Dual luciferase assay was carried out in primary cortical culture/HEK293T cells according to manufacturer's protocol (Promega, Cat. no. E1910) using a Luminometer (TD20/20, Promega). Briefly, primary neurospheres/HEK293T cells were transfected with the plasmids in a 24-well plate using Lipofectamine2000 and maintained in optiMEM medium. Forty-eight hours post-transfection, cells were lysed in 1× passive lysis buffer for 20 min followed by centrifugation at 5000 × g for 5 min and the supernatant was used to carry out the assay. Renilla luciferase was used to normalize the difference in transfection efficiency between samples. All the values are expressed as the mean ± standard deviation (SD) of at least three independent experiments carried out in triplicates.
Fluorescence-Activated Cell Sorting Analysis
Fluorescence-activated cell sorting (FACS) analysis was carried out in a BD FACSaria II System to sort out the neural progenitors having d2EGFP expression after (N-[N-(3,5-Difluorophenacetyl)-Lalanyl]-S-phenylglycine t-butyl ester DAPT) treatment (25 µM). Briefly, primary neurospheres obtained from Hes1-d2EGFP mice were dissociated to obtain single cell suspension and subjected to FACS analysis. Neurospheres that were not treated with DAPT were used as a control.
Immunofluorescence Analysis
Immunofluorescence analysis was carried out for the detection of cell-specific markers as described earlier (Rasheed et al. 2014) . Briefly, 4% paraformaldehyde-fixed brains were dehydrated in 30% sucrose and 14 µm cryosections were obtained. Tissue sections were blocked with 5% Normal Goat Serum (Sigma-Aldrich) and permeabilized with 0.2% (for cytoplasmic antigens) or 0.4% (for nuclear antigens) Triton-X100 for 1 h at room temperature followed by an overnight incubation in primary antibodies at 4°C. This was followed by incubation for 90 min with fluorescently labeled secondary antibodies at room temperature. Primary antibodies used were rat anti-BrdU . The nucleus of the cells was visualized with nuclear stain DAPI (1:50 000, Sigma-Aldrich) by incubating for 10 min at room temperature and was mounted on a slide with Fluoromount-G (Electron Microscopy Sciences). Cells were examined for epifluorescence in an upright fluorescent microscope (Olympus BX 61) and images were captured using a cooled EMCCD camera (Andor 885) and in some cases, subjected to confocal microscopy.
Real-time RT-PCR
Total RNA was isolated from both control and DAPT-treated E14 primary cortical cultures according to manufacturer's protocol (Qiagen RNeasy Mini kit). One microgram of total RNA was converted to cDNA using random hexamers (Promega) and Superscript RT-II (Invitrogen). Relative expression of Hes-1 and Hes-5 was measured using Bio-Rad's SYBR green mix with β-actin as an internal control.
Statistical Analysis
Statistical significance between the groups was calculated by independent Student's t-test assuming equal variance. Values with P < 0.05 were considered as statistically significant. Values were expressed as the mean ± SD of at least three independent experiments (n = 3) carried out in triplicates.
Results
A Subset of Primary Neural Progenitors is Maintained
Through Notch Independent Hes-1 (NIHes-1) Expression
We have previously reported the existence of NIHes-1 expressing cells within neural progenitors derived from ES cells (Sanalkumar et al. 2010b ), but we did not have any understanding regarding its requirement or functional significance in vivo during development. Therefore, to understand the functional significance of NIHes-1 expression during development, we initially analyzed the presence of NIHes-1 expressing neural progenitors in E14 primary cortical cultures. For this, the primary neurospheres generated from E14 cortex were treated with DAPT, a known γ-secretase inhibitor that inhibits the cleavage of NICD thereby blocking canonical Notch signaling (Sanalkumar et al. 2010b) . Notch target genes such as Hes-1 and Hes-5 were analyzed after 6 h of treatment by real-time PCR. Our data showed that the expression of conventional Notch target gene, Hes-5, was significantly down-regulated (P < 0.001) by DAPT treatment compared with control, which also confirmed the blocking of canonical Notch signaling (Fig. 1A) . Hes-1 expression was also significantly reduced (P < 0.001) by DAPT treatment, but still showed a significant amount (P < 0.05) of expression compared with untreated. This, unlike Hes-5, clearly showed that the expression of Hes-1 was still maintained in a small population of cells independent of Notch receptor, possibly through other signaling pathways.
To further confirm the existence of Notch-independent Hes-1 expressing progenitors, we generated primary neurospheres from E14 embryos of Hes-1-d2EGFP transgenic mice and treated with DAPT for 6 h. Here, all the cells with Hes-1 expression will express d2EGFP which has a half-life of~2 h . We observed a reduction in d2EGFP expression, which was further analyzed quantitatively by FACS. FACS analysis of dissociated neurospheres showed~60% reduction in d2EGFP expressing neural progenitors upon treatment with DAPT compared with controls, emphasizing the presence of noncanonically activated Hes-1 within cortical neural progenitors (Fig. 1B-L) .
To further clarify the postulation that a subset of neural progenitors is maintained through NIHes-1 expression as mentioned above, it was necessary to develop a reporter system to mark this unique population. There are three exclusive CBF1 binding sites (CBS) on the Hes-1 promoter, of which CBS A and B are predominantly necessary for the activation of Hes-1 promoter along with the low-affinity CBS-C (Ong et al. 2006) . In order to differentiate between CBF1-dependent and -independent Hes-1 expressing neural progenitors qualitatively from a heterogeneous population in the neurogenic niche, we generated a reporter construct with specific mutations in all the three (A, B, and C) CBSs within the Hes-1 promoter without disturbing adjacent consensus sites for any other transcription factors and the fidelity was further confirmed by DNA sequencing (Fig. 1M,N) . This mutated promoter was ligated with reporter systems such as luciferase (for luciferase assay), d2EGFP (for the real-time analysis of Hes-1 activation), and EGFP (to track the progenitors for long durations, Supplementary Fig. S1A-D) . Wt-typeHes-1 promoter without mutations ligated to all these reporter systems was used to track progenitors having Notchdependent Hes-1 expression (NDHes-1).
In order to validate the specificity of the mutations implemented on the Hes-1 promoter, we performed the luciferase activity after transfecting the neural progenitors in vitro. Initially, we used~1 kb promoter with mutation and the luciferase analysis after transfecting the neural progenitors showed a decrease with sequential mutation of A, B, and C sites ( Supplementary Fig. S1E ,F). However, in order to check the possibility of leakage through the CBSs and specificity of mutation, we generated a luciferase construct with minimal promoter having the least proximal region with CBSs (dmWT Hes1-Luc) and with all three mutations (dmABC Hes1-Luc) ( Supplementary Fig. S1G ). Luciferase assay in HEK293T cells showed a significant decrease (P < 0.05) in the promoter activity in response to the mutation but maintain non-canonical activity when compared with the wild-type promoter ( Supplementary Fig. S1H ). To confirm whether this population is absolutely independent of canonical Notch signaling, cells were subjected to perturbation of Notch signaling using DAPT (to inhibit) and NICD (to accentuate) in both cases. As expected, the canonical Notch pathway was blocked with DAPT (P < 0.05) and activated by overexpressing NICD (P < 0.05), but the noncanonical Hes-1 expression was unaffected by DAPT although an unexpected reduction was seen with NICD ( Supplementary  Fig. S1H ). Moreover, these observations were coherent with DAPT and NICD when these mutations were introduced into the full-length (~2.5 kb) promoter and experiment was repeated with same groups ( Supplementary Fig. S1I ,J). The observed reduction in the promoter activity with NICD can be due to the feedback repression exerted by the endogenous Hes-1 that was up-regulated upon Notch activation. In order to address this scenario, we carried out the same set of experiments with parallel preclusion of endogenous Hes-1 from its repressive activity. Luciferase assay with DNA-binding defective, dominant-negative form of Hes-1, pCAGIG-dnHes-1 (a kind gift from Dr Anders Ström) that have mutated basic region made itself unable to bind DNA. This construct can also form a non-DNA-binding heterodimer with endogenous Hes-1 (Strom et al. 1997) and recapitulated the transfected promoter activity culminating in lack of endogenous feedback repression ( Supplementary Fig. S1J ). Altogether, these results implied the specificity and exclude the possibility of leaky expression thereby emphasizing the authenticity of our reporter system. Further to these validations, experiments were extrapolated in primary neural progenitors and the observations were in congruent with our previous results thereby reinforcing the existence of NIHes-1 expressing population within neural progenitors (Fig. 1O ).
NIHes-1 Expressing Cells Reside in Germinal Centers (VZ) of Developing Brain
On the basis of results obtained from cortical neural progenitors in vitro, next we analyzed the existence of these NIHes-1 expressing progenitors in the developing neocortex. Though Hes-1 expression in coronal sections of E14 embryonic brain (from Hes1-d2EGFP mice) showed d2EGFP expression pattern restricted to the VZ of developing neocortex ( Fig. 2A-D) , there was no cell-specific marker to differentiate between these unique populations of NIHes-1 and NDHes-1 expressing progenitors. Therefore, to differentiate between these two, we first in utero electroporated (see Materials and methods and Fig. 2E ) the reporter constructs, Hes1-d2EGFP (to track NDHes-1 progenitors) and mtCBFI-Hes1-d2EGFP (to track NIHes-1 progenitors), into the cerebral cortex of E14 mouse embryos during the peak of neurogenesis (Fig. 2F) . We also electroporated pCAGmCherry plasmid along with each of the above-mentioned constructs to track the exact area of integration. To eliminate the (O) Luciferase analysis with wild-type and mutated Hes-1 promoter in E14 primary cortical progenitors showed NIHes-1 expression compared with Wt Hes-1 in the presence of DAPT or activated form of Notch (NICD). Data are expressed as mean ± SD of at least three independent experiments (n = 3) carried out in triplicates.
Scale bar = 50 μm. developmental and post-processing errors, electroporation was done with Hes1-d2EGFP and mtCBFI-Hes1-d2EGFP constructs in different embryos of the same mother. The brains were harvested at E14.5 Days post-in utero electroporation (DPI) and 14-mm cryosections were immunostained with antibody against GFP to visualize the weak d2EGFP expression. We could observe d2EGFP expression with both Hes1-d2EGFP (Fig. 2G-J) and mtCBFI-Hes1-d2EGFP (Fig. 2K-N) constructs in the apical surface of the VZ of neocortex, indicating the presence of both NIHes-1 and NDHes-1 expressing neural progenitors in the VZ. The presence of NIHes-1 expressing cells in neocortical progenitors was further corroborated by in utero electroporation of novel reporter constructs based on the smFPs with epitope tag FLAG as these synthetic proteins can be strongly detected even in small fibers and spines even under weak expression without any aggregation and cytotoxicity (Viswanathan et al. 2015) . This also allowed us to monitor the differential Hes-1 activation but was much brighter than d2EGFP after tagging with fluorescently labeled secondary antibodies. Intriguingly, analysis of E14.5 brain (0.5DPI) in utero electroporated at E14 with both wild-type (pWT Hes-1-smFP FLAG) and mutated (pmtCBF1Hes-1-smFP FLAG) constructs ( Supplementary Fig.  S2A , Fig. 3A ,C) revealed additional morphological differences (Fig. 3B,D) . Wild-type Hes-1 expressing cells (NDHes-1) displayed typical morphological features of radial glial cells (RGCs) with short apical process that were in contact with inner lining of VZ and the basal process reaching the pial surface and had brighter smFP FLAG expression (Fig. 3B) whereas NIHes-1 expressing cells had very short basal process (Fig. 3D) .
The possible reasons for the existence of this heterogeneity might be either they are generated at the time of neurogenesis and retained in the germinal centers that may be required for the late differentiation of cortical layer-specific neurons or they are generated and follows the prevailing path of differentiation as development progress. In order to rule out either of these possibilities, we further kept the in utero electroporated E14 embryos with d2EGFP constructs for 24h (1DPI) and analyzed them as mentioned earlier. Intriguingly, we found no or very weak d2EGFP expression in neocortex of embryos electroporated with mutated Hes-1 construct after 1DPI (Fig. 2S-V) , whereas Wt-Hes-1 electroporated embryos showed robust expression of d2EGFP at 1DPI (Fig. 2O-R) . Moreover, cortical sections of all the embryos displayed robust expression of mCherry in progenitors of VZ confirming the electroporation (Fig. 2G-V) . These results indicated that the NIHes-1 expression is present in a sub-population of progenitors of VZ only for a very short period of~12 h. Since, the half-life of d2EGFP is~2h, it will robustly reflect differences in promoter activity without any differences in reporter biosynthesis or turnover, thus excluding the possibility of generation and retention for late differentiation as mentioned above and revealed the fact that NIHes-1 expressing cells have retained Hes-1 expression for a small window of period during development. Moreover, we were unable to see any d2EGFP expressing cells after 2 and 4 days post-electroporation (data not shown), omitting the possibility of retention of NIHes-1 expressing progenitors in VZ once it is generated during embryonic development. In order to check whether this unique NIHes-1 expressing progenitors are present only at E14 stage and abolished later or it is present throughout the embryonic neocortical development, we electroporated the reporter construct, mtCBF1-d2EGFP, at E15 and E16 stages. Analysis of brains at 12 h (0.5DPI) post-in utero electroporation revealed the presence of NIHes-1 expressing population in VZ of both E15 and E16 embryos, indicating that the NIHes-1 expressing population is present in the neocortex throughout embryonic development (Fig. 2W-Z) . Hence, it could be possible that the NIHes-1 expressing progenitors could be switching off Hes-1 expression and migrating out of the VZ or the observed NIHes-1 expressing progenitors could be transiting into NDHes-1 expressing progenitors of the VZ to follow the prevailing path of neuronal differentiation. The existence of NIHes-1 expressing neural progenitors was also observed in other areas of brain such as archicortex and ganglionic eminescence by electroporating mtCBFI-Hes1-EGFP construct ( Supplementary Fig. S2B ), which revealed that they exist in all these germinal zones of brain during development ( Supplementary Fig. S2C-E) .
NIHes-1 Expressing Cells Transit from NotchIndependent to -Dependent State Concomitant with RGC Transformation
Since our data showed the existence of NIHes-1 expression in the neural progenitors of VZ for a short window of time, we asked whether they are directly differentiating into neurons and glia or transiting from Notch-independent state to Notchdependent state with RGC transformation. The heterogeneity seen in the mode of Hes-1 expression in the VZ prompted us to look for the functional relevance for the presence of such a system. To address this question, we generated a dual reporter system pCBFRE-DsRed-Express-DR-mtCBF1-Hes1-d2EGFP consisting of separate expression cassettes to simultaneously monitor the cellular heterogeneity and shift in the mode of Hes-1 expression if such a shift occurs. This construct would show the dynamic expression of both NIHes-1 and NDHes-1 expressing cells as both the reporters (DsRed-Express-DR/ d2EGFP; Clontech) are destabilized fluorescent proteins and have a very short half-life (Fig. 4A, Supplementary Fig. S3B ). In utero electroporation with this dual construct in E14 brain and analysis after 0.5DPI revealed the existence of four distinct types of neural progenitors in the VZ with respect to differential Hes-1 activation ( Fig. 4B-E Fig. S4K-N , 11.9 ± 1.93%, Supplementary Fig. S4B -E, O) further corroborated our results in a plausible way. However, both the presence of double-positive cells with differential Hes-1 activation (Fig. 4B-E and Supplementary Fig. S4B -E) and its existence in neocortical germinal centers for a short window throughout embryonic development (Fig. 2G-Z) prompted us to investigate whether they are directly proceeding to a differentiation state or transiting into NDHes-1 expressing state. Nevertheless, in both cases, NIHes-1 should be down-regulated as we observed earlier (Fig. 2S-V) during the progression of development. Intriguingly, analysis of E15 (1DPI) embryonic brain in utero electroporated with the above dual construct, pCBFREDsRed-Express-DR-mtCBF1-Hes1-d2EGFP at E14 revealed the absence of active NIHes-1 expressing cells as development proceeds (Fig. 4F-I ,T) that is concurrent with the former observation (Fig. 2S-V) , but with the persistence of NDHes-1 activation in both cases. We also obtained a similar result with the reporter system, pCBFRE-smFP Myc-mtCBF1-Hes1-smFP FLAG after 1DPI ( Supplementary Fig. S4F-I,P) .
In order to further address the temporal transition of NIHes-1 expressing cells as development progress, we made use of a dual fluorescent reporter system, pCBFRE-mCherry-mtCBF1-EGFP (mCherry for tracking NDHes-1 and EGFP for tracking NIHes-1) for long-term tracking ( Supplementary Fig. S3C ), consisting of separate expression cassettes to simultaneously monitor the transition of NIHes-1 to NDHes-1 state with development (Fig. 4J) . Since mCherry and EGFP are more stable and will be retained for a longer period, they are ideal to analyze whether the NIHes-1 progenitors are directly entering differentiation or transiting into NDHes-1 expressing state. In utero electroporation with the above dual construct in E14 embryonic brain and analysis after 1DPI revealed the existence of three distinct types of neural progenitors in the VZ with respect to differential Hes-1 activation (Fig. 4K-N 56.07 ± 3.97%, Fig. 4U ). The presence of higher percentage of double-positive cells compared with EGFP +ve cells implicated the transition of NIHes-1 to NDHes-1 expressing state. However, the existence of less but significant number of EGFPpositive cells which was not seen in one day experiment with pCBFRE-DsRed-Express-DR-mtCBF1-Hes1-d2EGFP dual construct ( Fig. 4F-I ,T) probably indicated the state of a cell which would have retained the EGFP activated during the initial 12 h after electroporation. This cellular state without active NIHes-1 and NDHes-1 expression would be an ideal molecular environment for cell-cycle progression as Hes-1 is well known for its active repression over the genes associated with cell cycle. Hence, the curtailed expression of bHLH repressor at this state of transition could be well correlated with its down-regulation during the cell-cycle progression especially at early G1 phase. However, to check the next possibility of direct differentiation without transition, we collected the embryonic brains in utero electroporated with the same construct ( Fig. 4J ) after 2DPI. Interestingly, we observed an increase in the number of progenitors expressing both NIHes-1 and NDHes-1 (EGFP +ve and mCherry +ve , 69.56 ± 5.73%) with a significant reduction in the number of progenitors independently expressing EGFP (NIHes-1, 1.34 ± 0.26%, P < 0.001) compared with 1DPI experiment (Fig. 4O-R,V) . From the above results, it is evident that the NIHes-1 expressing neural progenitors do not directly differentiate into the upper cortical layers, but transit from NIHes-1 expressing state to NDHes-1 expressing state before migration. The presence of DsRed-Express-DR +ive /mCherry +ve alone cells representing NDHes-1 progenitors (Fig. 4C ,G,L,P) in both cases could be due to transfection by the plasmid when they were already at the NDHes-1 expressing state. Moreover, the absence of any d2EGFP expressing cells after 2 and 4 days post-electroporation of mutated construct (pmtCBF1 Hes-1) also proves the lack of ability for reverse transition (data not shown). Altogether, our results implicated that NIHes-1 expressing cells transit into NDHes-1 state, which supports the prevailing notion that NDHes-1 expressing progenitors in the VZ follow the normal differentiation pattern during development (Fig. 4W) .
To further investigate whether the observed transition from NIHes-1 to NDHes-1 state is associated with the acquirement of Notch and radial glial transformation with respect to its typical morphological features based on reporter expression, we electroporated both wild-type (WtHes1-EGFP) and mutated (mtCBF1-Hes1-EGFP) constructs individually at E14 and analyzed at E16 (2DPI, Fig. 3E-L) . Evaluation of the sections of electroporated brain showed an apparent difference between the intensity of EGFP in the NDHes-1 and NIHes-1 expressing progenitors. The majority of cell bodies of NDHes-1 expressing progenitors reflected typical morphological features of RGCs and had brighter EGFP expression that could be due to the active Notch transduced in a canonical manner (Fig. 3F-H,g' ). We could also observe NDHes-1 expressing progenitors that had migrated out from the VZ to SVZ. This was not the same with NIHes-1 expressing progenitors that had very less intense EGFP expression compared with NDHes-1 expressing progenitors and respect to its dependency toward Notch (NIHes-1, NDHes-1, and NIHes-1+NDHes-1) upon transfection of both pCBFRE-DsRed-Express-DR-mtCBF1-Hes1-d2EGFP plasmids followed by the analysis after 0.5DPI (S) and 1DPI (U) and pCBFRE-mCherry-mtCBF1-Hes1-EGFP followed by the analysis after 1DPI (V) and 2DPI (T). (W) Schematic depicting the transition of NIHes-1 expressing neural stem cells to NDHes-1 expressing neural progenitors/RGCs. Data are expressed as mean ± SD of at least three independent experiments (n = 3) carried out in triplicates. Scale bar = 25 μm.
did not have the typical radial glial morphology (Fig. 3J-L,k') . Altogether, our results implicated the unidirectional transition of NIHes-1 expressing progenitors to NDHes-1 state, it is concomitant with RGC propensity during the embryonic neocortical development (Fig. 4W ).
NIHes-1 Expressing Cells are Primitive Neural Stem Cells
Although we have shown NIHes-1 expressing neural progenitors with unique features in developing neocortex, their cellular identity could be different from NDHes-1 expressing progenitors since we have already seen a distinct morphological difference between the two (Fig. 3) . To ascertain the cellular identity, we in utero electroporated pmtCBFI-Hes1-d2EGFP construct into the cerebral cortex of E14 mouse embryos and the brains were harvested at E14.5, 12 h post-in utero electroporation (0.5DPI). Immunostaining with neuroectodermal marker Nestin confirmed that d2EGFP expressing NIHes-1 cells were neural stem cells irrespective of the mode of Hes-1 activation (Fig. 5B) . Stemness of NIHes-1 expressing d2EGFP-positive cells was confirmed by immunostaining with another neuro-epithelial progenitor marker, CD133 (Fig. 5A ). We also observed that almost all of the NIHes-1 expressing d2EGFP-positive cells colocalized with RGC marker Pax6 (Fig. 5C) (Fig. 5D-F) . These results confirmed the cellular identity of NIHes-1 expressing cells, as they are non-lineage-restricted primitive neural stem cells.
To further analyze the initial lineage restriction of the NIHes-1 expressing neural stem cells after 1 day of electroporation, we used EGFP expressing mtCBF1-Hes1-EGFP vector instead of d2EGFP since EGFP is retained for a longer period. We in utero electroporated the E14 brains with mtCBF1-Hes1-EGFP plasmid and collected them at E15 (1DPI) followed by immunostaining with the same markers that were used in earlier experiments. Our results showed that majority of NIHes-1 expressing neural stem cells were still positive for CD133 (Fig. 5G) , Nestin (Fig. 5H) , and Pax6 (Fig. 5I) . Further, majority of NIHes-1 expressing neural stem cells did not co-express Tbr2, βIII-tubulin or DCX although very few of them started co-expressing Tbr2 and βIII-tubulin by 1 day in the SVZ ( Fig. 5J-L) . Overall, these results indicated that the NIHes-1 expressing cells are primitive neural stem cells that transit into a RGC fate with time possibly by acquiring NDHes-1 status.
NIHes-1 Expressing Neural Stem Cells are Slow Dividing and Undergo Either Symmetric or Asymmetric Division
The marked differences between NIHes-1 and NDHes-1 expressing neural progenitors with respect to their differential mode of Hes-1 activation and morphological characteristics demonstrated that these two populations differed from each other. Next, we sought to understand the difference in the proliferation ability and mode of division selected by these progenitors during development. In order to check the proliferative nature of NIHes-1 expressing neural stem cells, we first in utero electroporated E14 mouse embryonic brains with the reporter constructs, pHes1-d2EGFP and pmtCBF1-Hes1-d2EGFP and the brains were harvested at E14.5 after 12 h (0.5DPI). Immunostaining with the proliferation marker Ki67 revealed that majority of NIHes-1 expressing cells were Ki67 −ve (Fig. 6E -H,h') when compared with wild-type NDHes-1 expressing progenitors ( Fig. 6A-D,d' ). Our quantitative analysis showed that there was a significant reduction (P < 0.001) in number of NIHes-1 expressing neural stem cells that are actively proliferating (31.28 ± 4.65%) compared with NDHes-1 expressing progenitors (71.68 ± 3.91%, Fig. 6I ). Further, we observed the presence of two distinct populations of cells within the NIHes-1 expressing neural stem cells with respect to the intensity of d2EGFP and Ki67 co-staining. One set, which was found in low numbers that were Ki67 +ve and d2EGFP low and a second set with majority that were Ki67 −ve and d2EGFP high (Fig. 6H) . On the contrary, majority of NDHes-1 expressing progenitors were Ki67 +ve and d2EGFP high (Fig. 6D) . These results pointed to the possibility that majority of progenitors in the VZ with high levels of Hes-1 expression (Ki67 −ve and d2EGFP high ) through
NIHes-1 activation are in a non-proliferating state where Hes-1 may be required only for their maintenance. As development progresses, the Hes-1 expression through Notch-/CBF1-independent mode reduces as observed in the other population of NIHes-1 expressing progenitors that are Ki67 +ve and d2EGFP low . These progenitors would then simultaneously start acquiring Hes-1 through the canonical Notch pathway and would start proliferating (NDHes-1, Ki67 +ve and d2EGFP high ). From the above results, we conclude that majority of NIHes-1 expressing neural stem cells in the VZ are not rapidly dividing as compared with NDHes-1 expressing progenitors but undergoes division as development progresses.
In order to further elucidate the cell-cycle kinetics of NIHes-1 expressing neural stem cells compared with actively dividing NDHes-1 expressing progenitors, we carried out BrdU pulsing in embryos electroporated with NIHes-1 and NDHes-1 reporting plasmids. Considering the extremely small expression window and limitations of in utero electroporation experiments, we decided to go for two different sets of BrdU pulsing to delineate the cell-cycle kinetics of this unique NIHes-1 expressing population. As a first step, E14 brains were in utero electroporated with both control and mutated d2EGFP constructs and left for 12 h. BrdU was injected at a concentration of 100 mg/kg body weight to pregnant mothers for 10 min just before sacrificing and collected the electroporated embryos so that only the cells at S phase will be labeled with BrdU. Our results showed that only a very few NIHes-1 expressing (d2EGFP +ve ) neural stem cells colocalized with BrdU (5.32 ± 1.17%) when compared with wild-type NDHes-1 expressing progenitors (14.75 ± 4.55%, Fig. 6J-L) . These results indicated that majority of NIHes-1 expressing progenitors are in G0/G1 phase at this point of time.
Since we have already shown that it is the NIHes-1 expressing neural stem cells that acquire Notch dependency and shifts to NDHes-1 expressing state, we suspected that this unique NIHes-1 expressing population might follow the cell-cycle kinetics similar to that of NDHes-1 expressing progenitors once they transit to NDHes-1 expressing state. In order to address this notion, we electroporated E14 brains with both NDHes-1 and NIHes-1 reporting constructs expressing EGFP (to track for longer period) and subjected them to 6 h BrdU pulse before collecting the brains after 24 h (1DPI). The longer 6 h BrdU pulse will label the S-G2-M transition phase. Analysis of BrdU and EGFP double-positive progenitors out of total EGFP-positive progenitors in both NDHes-1 (73.38 ± 9.50%) and NIHes-1 (32.19 ± 5.50%) electroporated brains showed that NIHes-1 expressing neural stem cells followed a very slow cell-cycle kinetics unlike NDHes-1 expressing progenitors (Fig. 6M-O) .
As the percentage of NIHes-1 expressing neural stem cells co-expressing BrdU and EGFP is high (32.19 ± 5.50%) compared with 12 h/d2EGFP/10 min BrdU pulse experiments (5.32 ± 1.17%), it appears that after acquiring Notch dependency these neural stem cells represent the classical NDHes-1 expressing progenitors. Although, we have observed that the NIHes-1 expression in neural stem cells might be required for its maintenance, these cells do divide at a slow rate during the transition period. This made us to investigate further on the mode of division that these NIHes-1 expressing neural stem cells follow. The reason for looking at the mode of division, that is, symmetric or asymmetric, was based on the fact that neural stem cells or progenitors will divide in either way thereby giving rise to a progenitor and a differentiated cell (Zhong 2003; Gotz and Huttner 2005) . Moreover, the Hes-1 expressing bipolar radial glial and monopolar short neuronal precursors showed a characteristic cell cycle-dependent apical-to-basal (G1) and basal-to-apical (G2) movement and undergo mitosis only at the apical surface (VZ), which could again be symmetrical or asymmetrical based on the mode of Hes-1 activation (Takahashi et al. 1993; Fujita 2003) . In addition to this, neural stem cells following NIHes-1 expression pathway would preferably follow symmetric division giving rise to two daughter cells as the Hes-1 expression is not dependent on cell-cell interaction . So, we next checked whether the NIHes-1 expressing cells follow asymmetric or symmetric mode of division and looked at the cleavage orientation.
To understand the cleavage orientation in progenitors with NDHes-1 and neural stem cells with NIHes-1 expression, we carried out in utero electroporation in E14 embryos with pHes1-d2EGFP (NDHes-1) and pmtCBF1-Hes1-d2EGFP (NIHes-1) plasmids and collected the brains after 12 h electroporation (0.5DPI). We also immunostained the cells with PH3, which marks the metaphase stage and DAPI to clearly visualize the plane of cleavage. The progenitor in which the plane of cleavage was perpendicular to the ventricular surface was considered as symmetric division and those with the plane of cleavage parallel to the ventricular surface was considered as asymmetric division (Huttner and Kosodo 2005; Zhong and Chia 2008) . Our results showed that the NIHes-1 expressing neural stem cells followed both symmetrical as well as asymmetrical mode of division (Fig. 6Q,q' ,q") similar to NDHes-1 expressing progenitors (Fig. 6P,p',p" ). This result also indicated that the cell division happens particularly during the onset of cellular transition from NIHes-1 expressing neural stem cells to NDHes-1 expressing RGCs. Therefore, the unique nature harbored by NIHes-1 expressing neural stem cells such as equal competency for both symmetric and asymmetric division and an increase in cell-cycle length emphasis the existence of heterogeneity within the Hes-1 expressing progenitors in the VZ.
NIHes-1 Expressing Neural Stem Cells Transit into NDHes-1 Expressing Neural Progenitors and Differentiate into Neurons and Glia
From the above results, it was clear that NIHes-1 expressing neural stem cells are different from NDHes-1 expressing progenitors with respect to their mode of Hes-1 activation, morphology, and rate of proliferation. These results prompted us to further check whether the predominant localization of NIHes-1 expressing cells in the VZ and their decreased rate of proliferation could also influence their lineage specificity or selection/ differentiation potential. To prove this, we in utero electroporated E14 embryos with wild-type pHes1-EGFP and mutated pmtCBF1-Hes1-EGFP construct and collected the brain samples after 4DPI. Here, EGFP was used as the reporter for fate mapping studies to efficiently track the cells for longer duration. In order to further assess the lineage specificity/differentiation potential of NIHes-1 expressing neural stem cells and NDHes-1 expressing progenitors, we carried out immunohistochemical analysis with different layer-specific neuronal markers such as Brn2 (layers II/III), CTIP2 (layer V), and Tbr1 (layer VI) (Molyneaux et al. 2007 ). Our results showed that both NDHes-1 and NIHes-1 expressing cells were present in layers II/III and majority was positive for late born neuronal marker, Brn2 (Fig. 7A,D,G) . Immunostaining with mature neuronal marker, NeuN also revealed same observation as majority of the late born neurons in upper cortical layers derived from both NDHes-1 and NIHes-1 neural progenitors were NeuN +ve (Fig. 7C, F,H). Whereas, majority of NDHes-1 and NIHes-1-derived cells were negative for early born neuronal markers such as CTIP2 (layer V, Fig. 7B ,E,G) and Tbr1 (layer VI, Fig. 7A ,D,G) in deep cortical layers. Thus, the above results indicated that there was no significant difference in differentiation potential of NDHes-1 expressing neural progenitors and NIHes-1 expressing neural stem cells. The only possibility for this similarity is the transition of NIHes-1 expressing neural stem cells to NDHes-1 state by acquiring Notch dependency which we have proved earlier (Fig. 4) . To demonstrate this point further and also to show that the NIHes-1 expressing neural stem cells acquire Notch dependency for Hes-1 activation (in RGCs that are the predominant population demonstrating NDHes-1 activation), we electroporated E14 embryonic brains with dual reporter constructs, pGLAST-mCherry-mtCBF1-EGFP ( Supplementary Fig. S5A ), which will label NIHes-1 expressing neural stem cells and radial glial fate and analyzed at E15 (1DPI). Our results showed that the entire-EGFP expressing cells (NIHes-1) co-expressed mCherry (56.33 ± 1.80%, Yellow), indicating that the NIHes-1 expressing neural stem cells readily acquired a radial glial fate (GLAST +ve ) once they transformed into NDHes-1 expressing state (Fig. 7I-L) . From these results, we can conclusively confirm this point since we did not find any NIHes-1 neural stem cells that were GLAST −ve (Green, Fig. 7L ). The absence of GLAST −ve / NIHes-1 expressing cells confirmed that these cells transit to Notch-dependent state before further lineage specification and differentiation and also excludes the possibility of direct differentiation of NIHes-1 expressing neural stem cells into either neuron or glia. In order to further identify the lineage-restricted fate mapping of NIHes-1 expressing neural stem cells, we in utero electroporated E14 embryonic brains with dual reporter constructs, pTα1a-mCherry-mtCBF1-EGFP ( Supplementary Fig. S5C ), to simultaneously mark NIHes-1 expressing neural stem cells and neuronal fate and analyzed reporter gene expression at E16 (2DPI). Intriguingly, but not surprisingly, we found a large population of NIHes-1 expressing cells co-expressing Tα1a (63.51 + 1.01%, Fig. 7M-P) . This could be due to the fact that majority of NIHes-1 expressing cells would be shifting to a radial glial fate after acquiring Notch dependency as demonstrated earlier. A good population of these RGCs could be differentiating into neurons as evident from the number of yellow cells (Fig. 7O) . This is also in concurrence with the time of electroporation (E14) when majority of progenitors are at neurogenic phase (Bertrand et al. 2002; Greig et al. 2013 ). This was Fig. S5D-F) . The small population of cells positive for NIHes-1 and Tα1a (Green, 8.02 ± 0.07%) are the cells that could be maintaining the radial glial fate (Fig. 7P ). Next to check the astrocytic potential of NIHes-1 expressing neural stem cells, we electroporated E16 embryonic brains with dual reporter construct pGFAPmCherry-mtCBF1-EGFP ( Supplementary Fig. S5B ) to simultaneously mark NIHes-1 expressing neural stem cells with astrocyte fate and collected the brains at E17 stage (2DPI). This stage also marks the gliogenic phase during development (Bertrand et al. 2002) . We found that majority of cells were NIHes-1 +ve and GFAP +ve (61.79 ± 10.50%, Yellow, Fig. 7Q -T) and a good population of cells (25.79 ± 7.46%) were NIHes-1 +ve and GFAP −ve (Green, Fig. 7T ). These could be the cells that are maintained as RGCs or the ones that would be destined to differentiate into neurons. Putting together, it is evident from our results that NIHes-1 expression might be required for maintenance of a small population of neural stem cells throughout the development. These stem cells later acquire Notch dependency and transit into RGCs as development proceeds (Fig. 8) . The RGCs later divide giving rise to intermediate neural progenitors all the while retaining the NDHes-1 expression and later differentiate into neurons. Therefore, we have qualitatively demonstrated that NIHes-1 expression might be required for the maintenance of neural stem cells in the neocortex and NDHes-1 expression is required for the maintenance and proliferation of RGCs.
Discussion
The well-documented neural progenitor heterogeneity at cellular and molecular level in the primary germinal zones of developing neocortex has long been recognized with respect to differential Notch activity and Hes gene expression (Mizutani et al. 2007; Nelson et al. 2013) . During the early phase of neural development, discrepancy between the expression of Hes-1, Hes-3, and other Notch components in neuro-epithelial cells documented the NIHes-1 expression along the entire neuraxis (Hatakeyama et al. 2004) . Previous reports from our laboratory and others have highlighted that regulatory cues such as FGF2-JNK (Sanalkumar et al. 2010b ), FGF2 (Sato et al. 2010) , Shh (Wall et al. 2009; Dave et al. 2011) , VEGF (Hashimoto et al. 2006) , and TGFβ (Chacon and Rodriguez-Tebar 2012) can modulate Hes-1 expression in a Notch/CBF1-independent manner along with its functional significance in various systems in vitro and in vivo. Though these reports depicted the involvement of various regulatory cues with the help of a genetic model in developing neocortex, the functional significance with respect to differential mode of Hes-1 activation and neural progenitor heterogeneity remained elusive.
In this study, we have qualitatively demonstrated that neural stem cells are maintained by NIHes-1 expression in VZ of neocortex, but later attain Notch dependency and RGC identity throughout the development (Fig. 8) . The RGCs that are maintained and amplified by NDHes-1 undergo direct or indirect neurogenesis through intermediate neural progenitors during the neurogenic phase preceded by glial differentiation during gliogenic phase. We have also surmised that a simple shift in the mode of Hes-1 activation could alter the morphology and proliferation potential of the neural progenitors residing in the VZ during development.
The presence of NIHes-1 expressing neural stem cells in the primary germinal zones (Fig. 2 ) of neocortex along with NDHes-1 progenitors throughout the development make the neural progenitors heterogeneous with respect to the mode of Hes-1 expression. This observation is congruent with previous reports and indicative of diversification of Notch output in a mosaic pattern among the radial glial sub-population in the VZ of neocortex (Mizutani et al. 2007; Nelson et al. 2013) . Its existence and subsequent transition toward Notch dependency (Fig. 4 and Supplementary Fig. S4 ) without direct differentiation and the rapid rate of development during embryonic period provide the plausible explanation for its disappearance after 24 h of electroporation (Fig. 2U) . Nevertheless, instead of only providing the proof for existence of independent mosaic exhibition, here we also provide the conclusive evidence for the cellular transition in a qualitative way. As the development progresses, transition from independent to dependent state for Hes-1 expression is concomitant with the radial glial transformation from neural epithelial/stem cells (Fig. 7I-L) . Once Hes-1 acquires Notch dependency, it will control the maintenance and expansion of RGCs. Requirement of Notch effector CBF1, for canonical activation of Hes-1 in RGCs, is well apparent from phenotype with prominent radial glial fibers ( Supplementary Fig. S4 ) and well evidenced from conditional knockouts without any molecular redundancy (Imayoshi et al. 2010) . However, it is interesting to note that the expression of Hes-1 may be same in both NIHes-1 and NDHes-1 expressing cells even though they adopt different mode of activation.
Even though we were able to see distinct morphological features with short basal radial fibers at cellular level (Fig. 3A-D) , we could not observe any notable difference in the molecular profile of NIHes-1 expressing cells as majority of them were positive for neural stem cell/progenitor markers such as CD133, Pax6, and Nestin (Fig. 5A-C) but not with any intermediate neural progenitor/differentiating neuronal markers such as TBR2, DCX, and Tuj1 (Fig. 5D-F) . Though neuro-epithelial/stem cells and RGCs shared the molecular and spatial features in that territory, probably differential Hes-1 expression in those cells makes the difference. Hence, the molecular mechanism behind the transcriptional regulation of Hes-1 in this context should be uncovered. Moreover, we currently do not understand the actual mechanism by which the transition of Hes-1 expression from a Notch/CBF1-independent state to a Notchdependent state happens and needs further investigation. However, apart from this transcriptional regulation, this difference can be attributed to the status of Hes-1 protein which is present in these different states. The post-translational modification such as phosphorylation (Whitmarsh and Davis 2000) mouse that was in utero electroporated with pTα1a-mCherry-mtCBF1-Hes1-EGFP construct (labels NIHes-1 expressing progenitors that are differentiating into neu- may regulate this dynamic protein because of its very specific arms for various kinases to be modified covalently either for stabilization or to confer particular functions during neurogenesis (Davis and Turner 2001) . Though very few in vitro studies emphasize the importance of Hes-1 phosphorylation in neural development by various kinases such as Camk2δ (Ju et al. 2004 ), c-Jun N-terminal kinase (JNK) (Lin and Lee 2012) , and Protein kinase C (PKC) (Strom et al. 1997) , its functional significance in this context remains to be understood. However, apart from the differential Hes-1 expression, the possibility of distinct molecular profile of these two unique populations may have a profound role in its existence and cellular transition. Though we have not completely excluded the possibility of other possible candidate genes in maintaining this heterogeneity, analysis of differential gene expression in these two populations should be carried out. This will also lead to the identification of very specific molecular markers, which clearly marks NIHes-1 expressing neural stem cells from wild-type Hes-1 expressing neural progenitors. Further, Hes-1 being a potent regulator of cell-cycle kinetics and limiting factor for cell-cycle progression in heterogenic stem cells/progenitor in VZ of neocortex (Baek et al. 2006; Shimojo et al. 2008) , the cell-cycle kinetics of these cells having differential Hes-1 expression was analyzed. Although NIHes-1 expressing neural stem cells are non-dividing or slow dividing compared with NDHes-1 expressing neural progenitors (Fig. 6A-I ), they still undergo both symmetric and asymmetric division as development progresses (Fig. 6P,Q) . Moreover, once they transit to NDHes-1 expressing state, they start to proliferate more or less actively for the expansion of RGCs as evidenced from our results (Fig. 6J-O) . Though it has been well documented that Hes-1 expression is required for neural progenitor maintenance, its expression is curtailed at early G1 phase probably for the cell-cycle progression. Being a potent repressor of cell-cycle regulators such as cyclinD1/E2 and p27, Hes-1 activity should be quelled to avert cell-cycle progression (Castella et al. 2000; Murata et al. 2005; Shimojo et al. 2008) . Moreover, sustained expression of Hes-1 in neural progenitors precludes proliferation due to its repression over cell-cycle regulators irrespective of its cellular identity (Baek et al. 2006) . As neural stem cells and RGCs are markedly different with respect to Hes-1 expression, we speculated that former cells are slow or non-dividing because of NIHes-1 expression at G0/early G1 phase while strong recurrence of Hes-1 (NDHes-1) in late G1/S/M phase during the transition stage might lead to RGC transformation. Also, the generation of neural stem cells never depends on Hes-1 as in early development and the NIHes-1 expression in those cells throughout neocortical development strengthens the fact that this differential Hes-1 expression is essential only for their maintenance (Hatakeyama et al. 2004 ). Nevertheless, unlike other regions of germinal centers in brain, the ability to recapitulate the maintenance of radial glial proliferation in developing telencephalon of conditional double knockouts of Notch receptors (Notch1/3) (Mason et al. 2005 ) and triple knock out of Hes genes (Hes-1/3/5) (Hatakeyama et al. 2004; Imayoshi et al. 2008) shed light into the absolute requirement of CBF1/Rbp-jk with compensatory molecular redundancy. This kind of compensatory makeover alleviates the phenotype of cerebral hypoplasia probably through other Notch target genes such as Hey-1 (Imayoshi et al. 2010) . Despite this molecular redundancy during cortical development, here we provide the plausible evidence that non-proliferating neural stem cells which share more or less radial glial property at least in their molecular profile exclusively require NIHes-1 expression for the maintenance, while the RGCs require NDHes-1 for their proliferation as reported (Imayoshi et al. 2010 ). However, this apparent discrimination in differential Hes-1 expression with respect to neural stem/progenitor maintenance and proliferation in a double conditional knockout of both Hes-1 and RBP-Jk needs to be investigated further.
Though NIHes-1 expressing cells undergo either way of division (symmetric or asymmetric) particularly during the transition stage (Fig. 6P,Q) , these results are coherent and congruent with the asymmetric neurogenic and symmetric proliferative divisions shown by RGCs (Huttner and Kosodo 2005; Zhong and Chia 2008) which is transformed from former cells. This kind of neural stem cell propensity from NIHes-1 expressing neural stem cells to NDHes-1 expressing RGCs is also associated with the dynamic molecular changes such as oscillatory behavior of Hes-1 along with the proneural genes such as Ngn2 and Dll1 that make the cell competent for timed differentiation (Shimojo et al. 2008) . However, further analysis will be required for the oscillatory behavior of Hes-1, if it happens, through a Notch-independent manner.
Though the fate mapping studies with EGFP reporters and in utero electroporation technically restricted us to E14 stage where the peak of neurogenesis happens, we could not observe any notable difference in lineage restriction of NIHes-1 expressing neural stem cells compared with NDHes-1 expressing progenitors. Moreover, gliogenic differentiation from the NIHes-1 expressing EGFP-positive cells did not show any characteristic difference during development. These results implied that both neurogenic and gliogenic differentiation from the multipotent neural stem cells maintained by NIHes-1 expression are in accordance with prevailing path of neurogenesis. However, a transgenic model will be required to assess the characteristics and lineage tracing of these unique neural stem cells with respect to differential Hes-1 expression. This model will definitely help us to investigate further at onset of neurogenesis.
Therefore, based on the cellular transition and proliferation potential of neural stem cells/progenitors having differential Hes-1 expression, we conclude that the NIHes-1 expression is required for the maintenance of neural stem cells whereas NDHes-1 is predominantly required for the maintenance and proliferation of neural progenitors/RGCs. Though it is surmised that the primary function of NIHes-1 expression could be the same in other germinal centers of brain, gain-and loss-offunction studies based on the mode of activation either at genome or protein level would be ideal to draw a definitive conclusion. As the NIHes-1 expression is observed in a small population of cells when compared with majority of Notchdependent cells, they would have a prime significant role with functional relevance. Moreover, albeit the conservation in the brain development among mammals exists, apparent difference between the mouse and the higher order primates including human cortical development mainly attributed to both the quantitative and qualitative changes and may have profound significance in evolution (Geschwind and Rakic 2013) . In this context, species-specific existence and functional significance of these NIHes-1 expressing populations as a consequence of concomitant molecular and cellular events should be unraveled especially in germinal zones of human cerebral cortex. In this perspective, better translation of development of RGC that acts as a migratory scaffold for neuronal migration or cortical expansion will definitely help us to figure out various neurodegenerative and developmental disorders. These findings also would have extension towards the better understanding of cancer stem cells and its involvement in tumor progression with respect to Hes-1 expression.
